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ABSTRACT

Small particles and droplets encounter normal shocks in a

variety of applications. The particle-shock interaction subjects

the particles to large unsteady drag forces behind the shock front.

In Mt paper, an analysis has been made of the relative

* : importance of the Basset history integral for particle displacement

and velocity behind a normal shock wave. The effect of the Basset

integral has been related to gas stagnation conditions and the local

gas Mach number.

In the present theoretical study it has been demonstrated that

- the particle velocity and displacement relative to the gas back of the

shock is unaffected by the inclusion of the Basset term until the

latter stages of particle relaxation. The effect of the Basset history

, ".' .. integral, which results from diffusion of vorticity from the deceler-

* ating particle, has been shown to decrease the particle drag or increase

the displacement of the particle back of the shock. The effect is

magnified with increasing stagnation pressures and particle diameters

O_ 0but with decreasing gas stagnation temperatures.
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I. INTRODUCTION

Liquid droplets, solid particles and agglomerates are prevalent

in the atmosphere and in the by-product gases from combustion processes.

These micron and submicron size particles are formed by condensation of

supersaturated vapor and coagulation of existing aerosol. Common combus-

tion devices responsible for the formation of large numbers of particle

agglomerates are the internal combustion engine, power plants, jet

engines and solid fueled rocket motors. Small particles are also intro-

duced into wind tunnels to provide a seed for the measurement of fluid

velocities with laser doppler techniques.

In many types of supersonic flows such as wind tunnel testing, jet

and rocket engine plumes and high speed flight, the small particles and

droplets encounter both normal and oblique shocks. The resulting

particle-shock-interactions subject the particles to sudden large drag

forces as the particles decelerate and project ahead of the fluid moving

behind the shock front. In these cases an accurate description of the

drag force on the particle is necessary to predict its trajectory.

Specific problems of interest to the Air Force are the impingement of

water droplets and ice crystals on supersonic airfoils [1], particle

sampling with supersonic probes in jet and rocket motor plumes [2] and

laser velocimetry measurements near shock fronts [3,4].

In the present study, the analysis of particle relaxation is

restricted to the interaction of particles with normal shocks, specifically,

* onormal shocks in isentropic supersonic flows. The purpose of the present
%%°%
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analysis is to determine the relative importance of the "Basset history

integral," which results from diffusion of vorticity from the particle,

to the particle velocity and displacement as it relaxes behind the shock

front [5]. In particular, it is of interest to relate the magnitude of

the effect of the Basset term to gas stagnation conditions and the local

Mach number.

The Basset term has been neglected in particle-shock interactions

[1,41 but calculations of particle trajectories in plasma jets indicate

that it must be included in certain types of accelerated flows [6]. In

the present case, the particles relax and decelerate relative to the gas

back of the shock front. Although experimental evidence indicates that

the particle drag decreases for a decelerating particle if the initial p.

particle Reynolds number is large [7,8], the Basset term does not appear

to be important for particle deceleration if Re < 10 [9] or if the

particle decelerates followed by rapid acceleration such that the

particle Reynolds number is always large [10]. Clearly, more theoretical

and experimental work is necessary to clarify the issue.

.,.' .,"N . - ' . ' . " " " . .- . .. ' . ...

Z %0
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II. OBJECTIVES

The objectives of the present study are to numerically compute

the relative importance of the Basset term for particle relaxation behind

a normal shock wave and to relate its effect to nozzle stagnation con-

ditions and local gas Mach number. The specific objectives are:

(1) Define particle parameters behind a normal shock.--

(2) Relate particle parameters and particle displacement, with

and without the Basset term, to nozzle stagnation conditions

and gas Mach number.

(3) Provide plots of particle displacement and velocity on con-

tours of constant particle size, nozzle stagnation conditions

and gas Mach number illustrating the importance of the Basset

term for a wide range of expected nozzle operating conditions.

(4) Establish criteria for the neglect of the Basset term in

particle-shock interactions.

k. %
V~ 
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III. ISENTROPIC FLOW

4.. In the present study it is assumed that particles are in

equilibrium with an isentropic supersonic gas prior to the particle-

shock interaction. In this case all gas properties near the shock front

are expressed in terms of gas stagnation conditions and the local gas

Mach number. The same configuration is also easily obtained with a

Vconverging-diverging channel which is the basic aerodynamic element used

to obtain prescribed supersonic flows in laboratory applications.

If the nozzle is supplied with gas at high pressures and tempera-

tures (stagnation conditions) at the inlet and if the exhaust pressure

is sufficiently low, sonic conditions exist in the throat and the gas

Mach number at any position along the axis of the nozzle is determined

by the ratio of the local cross sectional area to that of the throat.

The same basic configuration also exists in the nozzle of a solid fuel

rocket motor.

If the nozzle is designed to function without significant separa-

tion along the inside walls and we assume a perfect gas with constant
0L

specific heats, the flow is assumed to be isentropic and the gas proper-

ties are related to stagnation conditions by the following expressions [5],

T0- = 1+ (17k)I)

and

.6



(2)

Stationary test objects such as airfoils or probes placed in the

supersonic region of the nozzle flow will create discontinuities in the

4-. flow field. These shock waves may be normal or oblique to the direction

of flow. Assuming a thermally and calorically perfect gas and restricting

the discussion to normal shocks, the ratio of gas properties across the

shock wave in terms of the gas Mach number ahead of the shock are

01 v _ (Y-I)M 2 + 2

(3)

and

T + (,,71)Hj 2 j 2y -l
2 2 i y11 (4)

1 22(y-1) 1l

Equations (1)-(4) will be used in the discussion that follows and refer to

those gas properties shown in fig. 1.

z6 v
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IV. PARTICLE PARAMETERS AND STAGNATION CONDITIONS

When a particle encounters a shock front as indicated in fig. 1,

it projects ahead of the carrier gas moving behind the discontinuity

because of its inertia and the sharp decrease in gas velocity. This

phenomenon subjects the particle to a large unsteady drag force behind

the shock wave and the particle decelerates and relaxes relative to the

carrier gas. ."-

To predict the particle trajectory behind the shock it is necessary

to define three dimensionless groups as discussed below. These particle

parameters are defined in terms of the gas stagnation conditions of the

nozzle, particle properties and the gas Mach number M- upstream of the

normal shock.

1. Kundsen Number

The particle Knudsen number is defined as the ratio of the mean

free path of the gas to the particle diameter. From kinetic theory [12]

one obtains for the stagnation Knudsen number

= (R(5)1/
oo

where co = (yRTo)1/2 is the speed of sound in the stagnation reservoir.

Introducing Sutherland's formula for viscosity

bT3 / 2  
(6)

T+T(

where

.

,';',L'',-:".. , ,,.,..'.:,,1 " ...-- ,../ , -.- /"., ., .- .-.. -. -. V .,....,,.w ,..... =V.., ,,,.:.h,,- ,.i,.-.,2, , ' .i .,,.;' . ,V ., ,
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P9. b 1 + ,T (7)

4such that

* V ( /2 1 ] (8)"

ir = i(Tr) is a reference viscosity and Te is Sutherland's constant [131,

the stagnation Knudsen number can be written in the form

- Kno 2f g pod  1 + T /T°  (9) .

Here, k b/R and R is the specific gas constant.

Introducing local properties into Eq. (9) by writing all gas

p'roperties in the form

Po f - p2  (10)
2 1i

where the ratios of gas properties are given by Eqs. (l)-(4), one obtains

a value for the Knudsen number back of the shock front

2%

.0 .
% Ip %/p % %0
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2. Reynolds Number

The particle Reynolds number which represents the ratio of inertial
J.., ..

to viscous forces acting on the particle is defined in terms of the

particle diameter and its local velocity relative to the ambient gas.

The local Reynolds number is a maximum behind the shock front and sub-

sequently approaches zero as the particle equilibrates to the gas velocity. V

Thus, immediately behind the shock wave one obtains

P2 (V l-V 2) d

Re I p 2  (12)2 4

It is now convenient to define a particle Mach number immediately

behind the shock front which represents the ratio of the relative velocity

of the particle with respect to the ambient gas to the local speed of

sound. Thus

v p -1 -v 2  ( 1  v2(LT, 1/2
MP2 - c 2 (13)

From kinetic theory MP2 is not independent of Re2 and Kn2 since

Mp2 - Kn2 Re 2 (2/ ")i/2 [121. Therefore, one obtains the local particle

Reynolds number back of the shock front in the form,

Re 2  k ) f(M1 ) (14)

where f(M 1) MP2 and

'o r-F-,,,%-%,,., ...
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1/2 2.

f (M1) -1(15)

[ M 1  ( M 1 - i

3. Density Ratio

The remaining dimensionless group which is necessary to compute the

particle trajectory back of the shock front is the ratio of local gas

density to particle density. Thus, one obtains

.p -.

P2-. _, =L)f~ (16)

where p is the particle density and the remaining gas density ratios are

determined from Eqs. (l)-(4).a

4. Tabulated Stagnation Conditions

The stagnation conditions have been computed for a useful range of

reservoir pressures, temperatures and particle diameters. For convenience,

the computations have been restricted to air and particle densities equal

* 3
to that of water or pp I gm/cm . Values of the ratio of stagnation

density to particle density p 0/p are tabulated in table 1 of sec. I of

the appendix. In table 1 four values of stagnation pressure P 0 14.7,

50, 100, 500 psi were chosen along with four values of stagnation tempera-

* . ture To M 300, 500, 1000 and 3500*K. The particle Knudsen number Kn was
0 0

also computed for the stagnation conditions listed above and for four

particle diameters of d - 0.1, 1, 10 and 100 pm and these values are

listed in tables 2-4 of the appendix. In tables 1-4 of the appendix it

%."-. " " ""
''. ..* ' ' . .' ' . ..."% IN' ", .*." '."." ." .- " . ,".- "L - " ' - .---- T-.=.".
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. was assumed that the reference viscosity of air was pr 1.71 x 10-4

gm/cm-sec at a reference temperature of T f 273.2*K. In addition,

Sutherland's constant of T6 i 11l.3*K for air and a specific gas con-

stant of R = 2.88 x 106 cm2/sec 2 -,K were introduced into Eq. (7) to

compute a value of k - b/RI /2 . 0.859 x 10 -8 gm/cm 2 [12,13,14,151. The

information tabulated in tables 1-4 along with values for the local Mach

number and ratio of specific heats for the gas were used to compute

values of the particle Reynolds number Re2, Knudsen number Kn2 and

density ratio p2/p back of the shock from Eqs. 11, 12 and 16.

3%%
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V. EQUATION OF MOTION

Restricting the analysis to the rectilinear acceleration of a

rigid sphere, the equation of motion including the effect of large

particle Reynolds number can be written in the form [16,17,18],

-F D  FV + FM + FB  (17)

where FD is the total drag on the particle, FV is the viscous drag, FM

is the added mass term and F B is the Basset term. The terms in Eq. (18)

are defined as

dvFD mp , (18)

P 2
FV  CDAU , (19)

F A du (20)
FM uP -F20

and

F di 2 f u(s)ds-- d2 . (21)

B 2 o (t-s) 1/2

In Eqs. (18) to (21), u- v - v2 where v is the particle velocity and

AA, A are empirical coefficients to account for differences from creeping

flow.

In dimensionless form, assuming that the particle density is much

greater than the ambient gas density, Eq. (18) becomes

%* %* %.p1 ' -* Lk. .
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2a R A D AH fo R (a )do e,
9 "- 2 4-( r -) ( 2 2 )

du R'eff dRe 4vt 4vs De2 p

Here, Re = d -T- --  , = AD C R and 6= •

Since the drag coefficient CD = CD(Re,Kn) is a complex function [18] as

shown in fig. 2 and since A, is defined as

0.52
AH  0.48 + A (23)

where MA = -i i-= is the acceleration modulus [19], Eq. (22)
MA d2 dt 2,
u Re

must be solved numerically subject to the boundary conditions:

SO, Re = Re2

(24)

-r > 0, Kn = Kn 2 9 S /P2

where Re2 is the maximum value of the particle Reynolds given by Eq. (12).

The displacement of the particle relative to the fluid can be

determined numerically by the expression

I
x/d = Re di (25)

0

(X p xf

where x/d and x ,xf are the particle and fluid displacement

back of the shock front, respectively. An additional quantity E was also

defined to represent the defect in particle displacement, with and without

* :, r • q , I P Iqru .ie . w p I * . * .*' 
•

* S. S • ° .. ., • =- • .'- •.% % * • . *." -m o. , ' S % 5,%* " * %" ' 5,, 4 . P ". "/.. +" - . .. 5 .,', . *. ,, .' •-~ """ a ",, ',, "-, ' -"..- ,. E • "• -V ,.
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the Basset term, or

xb/d x/d (26
E = xb/d (26)

where xb/d and x/d are the relative particle displacements including and

excluding the Basset term respectively.

The drag coefficient CD which appears in Eq. (22) and is illustrated

in fig. 2 is the algebraic expression proposed by Crowe [19]. Thus,

C = (C - 2)exp 3.07 y1/2(Mp/Re)g(Re)]

+. [ +[h(Mp) / (yl p)] exp[~ Re / (p)] + 2 , (27)

where the drag coefficient in incompressible continuum flow is [14,15]

,..

CDl i (24/Re)(1 + 0.158 Re2' 3) . (28)

The remaining terms are

lOgl0g(Re) = 1.25[1 + tanh(0.77 log 0Re - 1.92)] (29)

and

h(Mp) - (2.3 + 1.7(Tp/Tg) - 2.3 tanh (1.17 log (30)

'p

. ,i-
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VI. NUMERICAL METHODS

The equation of motion for the particle, Eq. (22), was solved

numerically for a range of normalized times 0 < T < 1.2 x 104. Values

of particle Reynolds number Re and relative particle displacement x/d

were tabulated, with and without the Basset term, for a variety of

anticipated stagnation conditions. In addition, the defect in relative

particle displacement E was computed for each set of initial conditions.

These tabulated results are shown in sec. 2 of the appendix.

* The numerical procedures used to solve Eq. (22) were a fourth!.0

order Runge-Kutta if the Basset term was excluded from the equation of

motion and a modified Euler, predictor-corrector technique for the full

equation including the Basset term [20]. In the latter case the cor-

rector was applied three times to improve convergence. Moreover, for

each step forward in normalized time AT = 0.1, the Basset integral was

numerically evaluated with the trapezoidal rule for the first 160 steps

followed by Simpson's rule with a variable (increasing) step size to

reduce computer time and then finished with the trapezoidal rule to com-

plete the integration.

A preliminary numerical computation was performed to compare the

numerical results with an exact solution. This identified potential

errors and problems with the accuracy of the method. The exact solution

used was the case of creeping flow (small initial particle Re) and a

density ratio p/p = 2 [181. After considerable numerical experimenta-

tion it was found that the error in the particle displacement defect E

N0

%~~4

% % % %
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was < 1.7% and decreasing at T =103 for a step size AT 0.1. A complete

listing of the numerical code is shown in sec. 3 of the appendix.

% Ir %

% % %
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VII. NUMERICAL RESULTS

Numerical computations were performed for a variety of test cases

and the numerical results are tabulated in sec. 2 of the appendix.

1. Particle Relaxation

Figures 3, 4 and 5 are graphical illustrations of the tabulated

data for the relaxation behind the shock front of a 10 pm particle of 4.

density p = 1 gm/cm 3 traveling in air at a Mach number of 2. The stag-

nation conditions for this case are a particle Knudsen number

Kn - 9.8 x 10 - and a ratio of gas-to-particle density po/p f 8 x 10 - .

The initial particle Reynolds number back of the shock is Re2 = 894.

As illustrated in fig. 3, the particle Reynolds number including

the Basset term Reb does not deviate significantly from the particle

Reynolds number excluding the Basset term Re until Re - 10 or until Re

is reduced to roughly 1% of its initial value. Moreover, the particle

Reynolds number including the Basset term Reb slowly decreases but sus-

tains a value of Reb - 1 for large values of normalized time T >> 104.L

Figure 4 illustrates the particle relaxation distance relative to

the gas back of the shock. The relaxation distance xb/d including the

Basset term is roughly a factor of ten larger that the particle relaxa-

tion distance x/d excluding the Basset term at a normalized time of

-- 103. These results are also reflected in fig. 5 which illustrates

the defect in the particle relaxation distance E defined by Eq. (26).

2. Effect of Mach Number

Figure 6 represents the defect in particle relaxation distance at

%-
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a normalized time T = 1.2 x 104. Previous work [14,15] indicates a

maximum particle Reynolds number Re2 immediately back of the shock front

at a gas Mach number M I of roughly 2. Since the effect of the Basset

term is magnified for larger initial particle Reynolds numbers and, in

general, experimental measurements indicate a substantial reduction in

particle drag coefficients at larger particle Reynolds numbers [8], a peak

in the relaxation defect exists at a gas Mach number M I 1 1.75.

3. Effect of y

The defect in particle displacement was determined for two values

of the ratio of specific heats y = 1.2 and 1.4. As indicated in fig. 7,

there is little difference between the curves at a gas Mach number of 2.

However, it is expected that this difference would increase substantially

at larger gas Mach numbers since a larger difference in initial particle

Reynolds numbers for two values of y does exist at larger values of M.

[14,151

4. Effect of Particle Diameter

The defect in the particle relaxation distance E is plotted as

a function of normalized time T for four particle diameters in fig. 8.

Here as in previous discussions, larger particle diameters correspond to

larger values of Re2, the initial particle Reynolds number back of the

shock. Thus, E increases with larger particle sizes for fixed normalized

times T.

5. Effect of Stagnation Pressure

The effect of increasing the stagnation pressure is illustrated in

fig. 9. Since larger stagnation pressures correspond to larger stagnation

-- %
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densities, the value of Kn from Eq. (9) is reduced and Re2 increases

as indicated in Eq. (14). Thus, the effect of the Basset term increases

with increasing stagnation pressures or the particle drag is further

reduced and the value of E increases for fixed T as shown in fig. 9.

6. Effect of Stagnation Temperature

Increases in the stagnation temperature reduce the initial particle

Reynolds number Re2 back of the shock front. Therefore, fig. 10

illustrates a reduction in the particle relaxation defect E with increas-

ing values of T
0
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% %.
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3. Numerical Code
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INTEGER UPPtFM,TOP,DPRIN

REAL KN,MACH,NrJMST,DRAG,NUONU,MAC,MAC2,KNO
C
C
C

REAL TAU(120001) ,DEVB(120001) ,REB(120001)
PI=3.1415926
DH= .48
PR=.7

C
C INITIAL CONDITIONS
C

GA=1.4
-- MAC=2.

KNO= .000979
RORP= .008011

C
GM2=(GA-1. )/2.
GP2= (GA+1 .)/2.
MAC2=MAC**2
R0R2=(1.+GM2*MAC2)**(GA/(GA-1.))
1/(GP2*MAc2)

* KN=KNO*ROR2
F3= (MAC2-1 .)/(GM2**.5* (1.+GM2*MAC2 )**.5*
1 (-1..(GA/GM2)*MAC2)**.5)
REIO= (PI*GA/2. )** .5*1 ./KN*F3
PGP=RORP*KNO/KN
B=4 .5*PGP
TR=GP2**2/GM2 *MAC2/
1((1.+GM2*MAC2)*(GA/GM2*MAC2-1.))
T RB= TR
CD = 24./REIO

WRITE(6,*) REIO,KN,B,F3

C INITIAL VARIABLES
C

v TAU(1) = 0.
TAUMAX=12000.
NUMST=120000.
DELTA = TALJMAX/NUMST

* DEV0=-B*CD*REI0**2/24.
DEVB(1)=.-B*CD*REI0**2/24.
REB(1) = REIO
INC=3

IST1=200
DELO=160

0 TOP=20
V DPRIN=100

K 1
* I,..J=1

SUME=0.
SUMB=0.

A%%%
~~~~~~~~~~~~~~~ %,V*~V*.-~* . * ( ~~ . . . ~
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REF = REIO
REO = REIO
ERR= .00000001

C

WRITE(6 A400)

C FOURTH ORDER RUNGE KUTTA FOR RE
C

DO 100 I=2 NUMST+l
ROO=REIO/REO
IF(ROO .LE. ERR) GO TO 500
RO=REIO

Rl=RO+DEVO*DELTA/2 .*B
CD=DRAG(R1,KNPGAtTR)
D1=(-CD/24. )*R1**2
R2=RO+D1*DELTA/2.*B
CD=DRAG(R2 ,KNGA,TR)
D2=(-CD/24 . ) *j**2
R3=RO+D2*DELTA*B
CD=DRAG(R3 ,KNIGA,TR)
D3=(-CD/24.)*R3**2

DD=(1 ./6.)*DEVO+(1./3. )*Dl+(1./3.)*D2+(1./6.)*D3
* REI=ROsDELTA*DD*B

CD=DRAG(REI ,KNGATR)
DEVN=(-CD/24.)*REI**2

C
C CALCULATE PARTICLE TEMPERATURE
C

MACH=KN*REI*(2./(PI*GA) )***5

NU=2 .+.459*REI**.55*PR**.33
RPM=MACH/ (REI*PR)
NU=NUO/(l1.+3 .42*NUO*RPM)
DTR=3 ./2. *NU/PR*PGP* 9* (GA-i.) /2. *MACH**2.

~~5' TR=TR4.DTR*DELTA

C CAiLCULATE PARTICLE RELAXATION DISTANCE
4. C

* C
500 CONTINUE S

TAU(I)=TAU( I-1)+DELTA

C
4' C

*C ANALYTICAL EXPRESSION FOR B-9.

C
IF(K.EQ.200000)THEN
CONTINUE

P. ELSE
GO TO 370
ENDIF

SQB=SQRT( .-4./B)

- V ' 'b--,.",V- l 1? - o
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AL=.5*B*(l.+SQB)
BE=.5*B*(l .- SQB)
EXB=BE*TALI(i)**.5
EXA=AL*TAU(i)**.5
EXB2=EXB**2
EXA2=EXA**2
IF(EXB.LE.5.)GO TO 310
SXB=O.

DO 320 M=1,5
FM1=FM( M)
TXB=-1 **M*FM1/(2.*EXB2)**M
SXB=SXB+TXB

320 CONTINUE
ERB=1./(SQRT(PI)*EXB)*(1 .+SXB)
GO TO 330

310 ERB=EXP(EXB2)*ERFC(EXB)
330 IF(EXA.LE.5.)GO TO 350

SXA=0.
DO 340 M=1,5
FM1=FM(M)
TXA=-1.**M*FM1/(2.*EXA2)**M

* SXA=SXA+TXA
*340 CONTINUE

ERA=1./(SQRT(PI)*EXA)*(l.+SXA)
GO TO 360

350 ERA=EXP(EXA2)*ERFC(EXA)
360 REF=AL/(AL-BE) *ERB+BE/(BE..AL)*ERA

RE F=REO* RE F
370 CONTINUE
c
C
C THE FOLLOWING LOOP NUMERICALLY EVALUATES THE BASSET

C CONTRIBUTION.
IF(I.EQ.2)GO TO 150

C
C
C TRAPEZOIDAL RULE UP TO ISTi OR DELO IF I .GE. ISTi

UPP=I-2
IF(I .GE. IST1)UPP=DELO

50=0.
DO 630 J=2,UPP
TBA=DEVB(J)/(TAU(I)-TAU(J))**.5*2.
5050O+TBA

630 CONTINUE
DOO=DEVB(1 )/TAU( I)***5
DNO=DEVB(UPP+1)/(TAU(I)-TAU(UPP+1))**.5
BASUP1=DELTA/2 .*( DOO+DNO+SO)
IF(I.GE.IST1) GO TO 615
GO TO 150

C
C SIMPSONS RULE WITH INC
C
615 IF(N1.EQ.2*IST1) THEN

.b-, .1 '
-6-0 %. % %
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INC= INC+2
N1=1
ELSE
N1=N1+l
ENDIF
S1=0.
DO 635 J=UPP+INC-1 I-1-INC-TOPt2*INC
L=J
TBA=DEVB(J)/(TAU(I)-TAU(J) )***5*4.
Si =S1+TBA

635 CONTINUE
S2=0.
Do 645 J=UPP12*INC+1 ,I-1-2*INC-TOP,2*INC
TBA=DEVB(J)/(TAU(I)-TAU(J))**.5*2.
S2=S2+TBA

645 CONTINUE
DOO=DEVB(UPP+1)/(TAU(I)-TAU(UPP+1))**.5
DNO=DEVB(L.IINC)/(TAU(I)-TAU(L+INC))**.5
BASLINC= (S1+S2 +DNO+DOO) *INC*DELTA/3 .+BASUPI
S3=0.

C
C FINISHES WITH MODIFIED INTEGRATION

C
IF(LI-INC.EQ.I-1) GO TO 660

T=TAU( I)
Do 650 J=L+INCI-2
ADEV=DEVB(J )+DEVB(J+1)
T1=TAU(J)
T2=TACJ(J+1)
TBA=ADEV*((T-T1)**.5-(T-T2)**.5)

V S3=S3+TBA
650 CONTINUE
660 BAS1=S3+BASLINC

* GO TO 150
C
C
C COMPUTES NEW DEVB(I),REB(I)

C USES PREDICTOR CORRECTOR FOR REB

150 SQ=1./SQRT(PI)*B

SQ1=1 ./SQRT(PI) *DELTA** .5*B
~ *,, DRO=DEVB( I-i)

RO=REB( I-1)
BAO=BASI

BA1=SQ*BAO+DRO*SQ1*2.
RO1=RO+DRO*DELTA* B
CD=DRAG(RO1 ,KNrGAtTRB)
D1=-CD/24 .*RO1**2.D[I*BA1
BAl 1=SQ*BAO+SQ * (DRO+D1)

R1=RO+.5* (D1+DRO) *DELTA*B
CD=DRAG(R1 ,KNGATRB)
D2=-CD/24 .*R1**2..DH*BA11
R2=RO+ *5* (D2+DRO) *DELTA*B
CD=DRAG( R2 ,KNOGA TRB)



BA2=SQ*BAO+SQ1* (DRO+D2) 6

D3=-CD/24.*R2**2..DH*BA2U
R3=RO+.5*(D3+DRO)*DELTA*B
CD=DRAG (R3 ,KN GA ,TRB)
DEVB( I)=D3

C REB(I)=R3
C ~CLCTD ATCETMEAUE-,

C

MACH=KN*REB(I)*(2./(PI*GA))**.5
NUO=2.+.459*REB(I)**.S5*PR**.33
RPM=MACH/(REB(I)*PR)

NU=NUO/(1 .+3 .42*NUO*RPM)I
DTR=3./2.*NU/PR*PGP*.9*(GA-1.)/2.*MACH**2

C TRB=TRB+DTR*DELTA

C CALCULATE PARTICLE RELAXATION DISTANCE
C

TSUM=.5*(REB(I)+REB(I-1))*DELTA*.25
SUMB=SUMB+TSUM

C
* C

ROO=REB( 1)/REQ
IF(ROO.LE.ERR)GO TO 510

C
C
C

DELREB =( REI - REB(I))/REB(I)
DSUM=1 .-SUME/SUMB

S IF (K .EQ. DPRIN) THEN
WRITE (6,200) TAU(I), REI, REB(I), CD1, REF,

1 DELREB , SUMESUMB,DSUM,TR,TRB
DPRIN=3*DPRIN*1/2
K=

ELSE
K =K+1

ENDI F
C

DEVO=DEVN
REIO=REI
IF(I.NE.NUMST) GO TO 800
WRITE(6,200) TAU(I),REI,REB(I),CD1,REF,DELREB,SUME,

1 SUMB,DSUM,TRPTRB
GO TO 100

200 OTINUE 1(1O3,X

100 CONTINUE
400 FORMAT(8X,'TAU',8X,'RE',8X,'REB',8XOCD',8X,'REF',8X,

1 'DELREB#,6X, 'SJME,6X,'SUMB',6X,'DSUM',6X,'TR',6X,'TRB')

510 CONTINUE
STOP
END

C

I~% II
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C

REAL FUNCTION DRAG(REBIKN#GAITR)

REAL MACH,KN
* PI=3.1415926

MACH=KN*REB*(2./(PI*GA) )***5
CDP = 24./REB*(1.+.158*REB**.6667)
H=(2.3+1.7*(TR**.5))-2.3*TANH(.17*ALOGI(MACi))

GNl1O *** (1. 25*(1.+TANH(O.77 *ALOG1 ( REB) -1.92)) )
DRAG=(CDP-2.)*EXP(-3.O7*(GA**.5)*MACH/REB*GN)

1+H/(MACH*(GA**.5))*EXP(-REB/(2.*MACH))+2.
RETU RN
END

'a C

C
INTEGER FUNCTION FM(M)

FM=l1
DO 700 N=1,M
FM=F4* ( 2*N-1)

700 CONTINUE
RETURN

'a. END

W,'r 0
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